Abstract -Aims: This study describes the derivation and validation of the early detection of alcohol consumption (EDAC) test, which uses linear discriminant function (LDF) analysis for the identification of alcohol misuse. This form of LDF aims to predict a categorical dependent variable (alcohol misuse) on the basis of several independent, predictor variables (routine laboratory tests). Methods: EDAC was developed to classify individuals as heavy or light drinkers using a database of 1599 subjects recruited from 25 sites in the USA. The predictor variables for the LDF were 36 routine chemistry and haematology analytes. Results: The EDAC model produced 80.7% sensitivity and 84.4% specificity, with an overall correct classification rate of 82.5%. Using a stepwise method, 20 of the 36 routine tests used in the LDF were selected as the optimal predictor variables. The top three variables with the highest contribution in the stepwise EDAC model were: bilirubin ratio (direct to total), aspartate aminotransferase and albumin. Conclusions: This study shows that LDF analysis in conjunction with new, user-friendly computer packages is a practical and cost-effective laboratory tool for detecting excessive drinking using blood constituents ordered routinely in a variety of clinical settings. Diagnostic performance can be adjusted to achieve higher specificity rates.
INTRODUCTION
The most recent estimates of the overall costs of alcohol misuse in the USA are $184 billion for 1998, approximately 70% of which have been attributed to lost productivity (Department of Health and Human Services, 1999; National Institutes of Health, 2000) . The remaining estimated costs include health care expenditures, such as the cost of treating alcohol misuse and dependence and the cost of treating the adverse medical consequences of alcohol consumption. Furthermore, the effects of alcoholism are compounded by the fact that physicians are not trained to administer questionnaires and may not use them at all or may not use them properly (Aalto et al., 2003; Olfson et al., 2003) . Because of these limitations, the development of an objective and effective diagnostic tool would help decrease some of these costs by detecting subjects who begin to show the pathophysiological effects of harmful alcohol consumption. To be successful, an effective diagnostic tool must comply with four diagnostic parameters: accuracy, cost-effectiveness, ease of use and fluctuations that correlate with drinking status (i.e. the biomarker returns to normal after a period of abstinence) (Javors et al., 2003) .
Efforts to utilize biochemical markers to identify harmful alcohol consumption have focused either on finding a single laboratory test or on examining combinations of several laboratory tests (Bean et al., 2002; Cambou 2002; Reynaud et al., 2000 Allen, 2003 Sillanaukee et al., 2003; Soderberg et al., 2003) . Because single laboratory tests have usually lacked adequate performance as stand-alone tests, several models of multiple biomarkers have been sought. A comprehensive review of models that have used multiple biochemical tests for identifying heavy drinkers has been published previously (Hartz et al., 1997) . This review shows that the performances of these models have varied widely. One of the most successful approaches mentioned in Hartz's review is that pioneered by a team of researchers who used quadratic discriminant analysis of 25 routine tests to produce correct classification rates of 100% of non-alcoholics and 95% of alcoholics (Eckardt et al., 1981 (Eckardt et al., , 1984 Ryback et al., 1982 Ryback et al., , 1983 Ryback et al., , 1985 . Even though this early research was able to differentiate alcoholics from non-alcoholics with a high degree of accuracy, most investigators abandoned this approach because computing costs in the early 1980s made this type of statistical analysis impractical.
In the late 1990s, three similar approaches re-emerged to develop an alcohol screening method based on routine laboratory analytes: (1) a logistic regression equation using 40 routine laboratory tests to identify heavy drinking males (Hartz et al., 1997) ; (2) a discriminant function analysis (Welte and Chan, 1997) , and (3) a new linear discriminant function (LDF) model that culminated in what is now known as the early detection of alcohol consumption test, or EDAC. The main objective of this study is to describe the derivation, validation and performance of the EDAC test, which used a routine laboratory panel of 36 chemistry and haematology analytes in 1599 subjects reporting a wide range of alcohol intake. This article also compares the EDAC to two similar models developed previously. As awareness of the EDAC test has been increasing steadily in the US, Germany and Canada, a detailed description of the development and performance of this new LDF approach will ensure its proper interpretation and use by the medical community.
MATERIALS AND METHODS

Subjects
Subjects were recruited in 25 different institutions in the metropolitan areas of Milwaukee and Boston, USA, mainly from settings in which there was a high probability that alcohol consumption patterns would be consistent with self-reports.
Heavy drinkers were recruited from substance misuse treatment centres (outpatients and inpatients) and from detoxification centres. Light drinkers and abstainers were recruited from churches that discouraged drinking, community recovery support groups and professional and social groups in which there was an opportunity for outside confirmation of the subjects' self report. The method used to confirm subjects' reports relied mainly on the settings. For instance, if the subject was recruited at a treatment centre we assumed there was a high probability the subject had been drinking. If the subject was recruited from certain religious institutions we assumed there was a high probability the subject had been abstinent. When there was doubt on selfreport, we contacted a collateral including counsellors, ministers and work peers. We rejected 72 subjects during recruitment either because of doubts on self-report or due to the presence of extreme liver damage. The group demographics ranged from homeless public inebriates to uppermiddle-class professionals, from daily heavy drinkers to infrequent consumers of alcohol, from subjects who had never drunk due to religious practices to recovering alcoholics who had been abstinent for a minimum of 10 weeks. As already stated, subjects with extreme elevations of liver enzymes were not included in this study.
Subjects signed informed consent. They were interviewed by the main author (J.H.) and by two trained counsellors for the purpose of gathering information regarding age, sex, race, chronic illness, concurrent drug use, medications, smoking habits, diet and alcohol consumption. Women were also asked about current pregnancy and exogenous hormone use. The instruments used to assess alcohol consumption were the Khavari alcohol test (Khavari and Farber, 1978) and a selfadministered alcohol screening test (Swenson and Morse, 1975) . The original database contained 1701 subjects, of which 102 were left out because they were missing at least one discriminating variable. Therefore, the total number of subjects in the final analysis was 1599 (1019 men; 580 women) ( Table 1) .
Based on self-report, 818 subjects were classified as heavy drinkers, who had consumed more than four drinks daily if male and more than three drinks daily if female during the 2 weeks before the blood samples were drawn (616 men; 202 women) and 781 subjects were classified as light drinkers, defined as subjects who consumed less than above and included abstainers (403 men; 378 women).
Laboratory tests
Four tubes of blood were collected from each patient; two of these tubes were spun down and serum was separated within 4 h of sample collection. Refrigerated blood and serum specimens were shipped to the main laboratory overnight. A total of 36 laboratory tests results were used in the derivation of the EDAC model. Chemistry determinations were performed utilizing the Olympus AU5000 automated chemistry instrument and haematology parameters were determined utilizing the Argos Cobas instrument (LabCorp, Triangle Park, NC). We used a broad range of commonly available laboratory tests because almost every organ system in the body can be affected by large amounts of alcohol. The panel of analytes examined and their corresponding reference ranges are shown in Table 2 . The results from the tests were forwarded to Alcohol Detection Services for analysis.
Statistical analyses
Data were analysed using the linear discriminant function (LDF) capabilities of the Statistical Package for the Social Sciences, version 10 (SPSS, Chicago, IL). LDF is similar to linear regression except that the dependent variable is dichotomous and defines membership in a group. For the EDAC, heavy drinkers are arbitrarily assigned a group prediction of class 1 and light drinkers are assigned a group prediction of class 2. The independent variables were the results of 36 routine laboratory tests.
LDF essentially involves the development of a predictive equation that is a linear function of the independent variables (Polit, 1996; Gardiner, 1997) . To do this, it solves for the coefficients in the predictor set so as to maximize the variance between the two groups to the variance within the two groups. Based on the entire equation for the 36 laboratory test results, a D-score is calculated for each subject in the database and is used to classify subjects into groups. Actual group membership is obtained by self-report, whereas projected group There were 562 abstainers (293 men; 269 women) among the light drinkers group who reported drinking from 0 to 279 g alcohol per year. The mean age for the abstinent men was 41.4 ± 11.7 (range 17-84) years and they reported drinking an average of 5.1 ± 26.7 g alcohol annually (range 0-232 g). The mean age for the abstinent women was 42.4 ± 11.7 (range 20-83) years and they reported drinking an average of 17.4 ± 49.5 g alcohol annually (range 0-279 g).
membership is obtained by the LDF analysis. The sensitivity of the EDAC is defined as the proportion of all heavy drinkers who had a D-score greater than or equal to a chosen cut-off point and the specificity is defined as the proportion of all light drinkers who had a D-score less than that same cut-off point.
In the LDF analysis, the assignment of this cut-off point can be manipulated by assigning what is called prior probabilities, which works by maximizing the predictive value of the classification process.
Significance testing, cross-validation and stepwise analysis
The initial significance test to evaluate the EDAC model was the test of the null hypothesis, which states that heavy drinkers and light drinkers cannot be reliably distinguished on the basis of the predictors in the analysis. In this study, the test of the null hypothesis was based on Wilks' lambda, and the significance level was based on a transformation that approximates a chi-squared distribution. As Wilks' lambda is the proportion of total variation in discriminant scores not explained by group differences, a lambda of 1 would be obtained if the mean of the discriminant scores were the same for both groups and there was no between groups variability.
Lower values of Wilks' lambda reflect better performance of the model. The validation of the EDAC equation was accomplished by splitting the data randomly in half and using different halves to develop and test the model. If the classification process in the validation set shows a high percentage of correct classifications, then the LDF equation can be used to classify new cases for which group membership is unknown. The results of the laboratory tests for a subject are inserted into the EDAC equation and this yields that subject's classification probability for each group. The case is assigned to the group for which it has the highest classification probability.
Stepwise analysis was performed in order to select those laboratory tests that contributed the most to the significance of the EDAC model. During stepwise analysis the 36 independent variables are stepped into the discriminant function in the order in which they meet certain statistical criteria. The first variable included is the one with the largest value for the selection criteria. If the selection criterion for entering predictors in the analysis is the minimization of Wilks' lambda, then at each step the value of the criterion is reassessed for each predictor not yet entered. When further variable entry results in a non-significant improvement, the analysis ceases. When selecting the variables that were the best predictors for identifying heavy drinkers using the EDAC model, we eliminated all variables not significant at the P < 0.001 level.
RESULTS
Derivation of the LDF equation
The first step in the development of the EDAC model was the derivation of the LDF equation using SPSS software. The LDF equation rendered a D-score and the relationship between the D-score and the individual predictor variables was evaluated by computing a Pearson correlation. These correlations are also known as structure coefficients and they are better than the well-known standardized coefficients for the interpretation of the discriminate function because they are not affected by the inter-correlations among the variables or the variability of the variables with which they are associated (Kleck, 1994; Polit, 1996; Tabachnick and Fidell, 1996; Gardiner, 1997) . As a rule of thumb, only structure coefficients of у0.30 are treated as meaningful in discriminant analysis. The structure coefficients obtained for the EDAC test are shown in Table 2 and the predictor variables are listed in order of the structure coefficients' magnitude. Thus, the predictor that contributed the most to the discrimination of the two groups is bilirubin ratio (the ratio of direct to total bilirubin). The coefficients show that the bilirubin ratio in each subject has the strongest correlation (0.586) with the discriminant scores. Only six of the 36 independent variables have correlations above 0.3 with the composite discriminant scores: bilirubin ratio, direct bilirubin, gamma-glutamyltransferase, aspartate aminotransferase, highdensity lipoprotein and BUN/creatinine ratio. Structure coefficients, when squared, indicate the proportion of the variation in the discriminant score that is accounted for by that particular variable. Thus 34.3% (0.586 ϫ 0.586) of the variation in the D-score is accounted for by the bilirubin ratio.
Summary classification
The summary classification results (Table 3a) shows that of the 818 heavy drinkers, 660 (80.7%) were correctly classified and 158 (19.3%) were misclassified as light drinkers when the classification proceeded under the assumption of equal prior probability. ie. for when the classification proceeded under a cut-off point that maximizes sensitivity. Among the 781 subjects who were light drinkers, 659 (84.4%) were correctly classified as light drinkers and 122 (15.6%) were misclassified on the basis of the LDF. To be useful, the classification should be substantially better than what could be achieved by chance alone. As the overall correct classification rate (82.5%) obtained by the LDF is much greater than the chance probability of 50% the classification is useful. Next, the cut-off point was manipulated by assigning new prior probabilities. In theory, as the cut-off of the test is manipulated to approach 0% detection of heavy drinkers, then maximum specificity is achieved, and as the prior probability approaches 100% detection of heavy drinkers, then maximum sensitivity is obtained. When the cut-off was raised to maximize specificity, the results showed that specificity increased to 98%, whereas the sensitivity decreased to 33% for an overall rate of successful classification equal to 64.8% (Table 3b) . Because the average amount of alcohol consumed by the heavy drinkers group was more than 20 standard drinks per day, the performance of the EDAC was tested in a subset of the database; specifically, the one identifying hazardous drinkers (four to eight drinks daily). There were 953 subjects who reported drinking between zero and eight standard drinks daily (509 men; 444 women). When the EDAC was applied to this population the results showed 70.2% sensitivity and 86% specificity rates for men and women combined. When the population was separated by sex, the EDAC showed 76.3% sensitivity and 85.2% specificity rates for men compared to 65.8% sensitivity and 84.8% specificity rates for women.
Significance testing and cross-validation
In the EDAC model, the value of Wilks' lambda is 0.573, which is statistically significant at the P < 0.0001 level. Thus, 42.7% (1Ϫ0.573) of the total variation in discriminant scores is accounted for by between-group differences in the 36 predictor variables. A significant Wilks' lambda supports the validity of the variables used to distinguish between heavy drinkers and light drinkers based on the EDAC model.
The results of the cross-validation analysis for the EDAC test are shown in Table 4 . The entire population of 1599 subjects was split in two: 772 subjects were used as the training sample and 827 subjects were used to validate the LDF. As expected, the performance parameters for the training sample (82.1% sensitivity and 87% specificity rates) were slightly higher than the performance parameters for the validation sample (78.4% sensitivity and 82.5% specificity rates).
Effects of sex and age in the performance of the EDAC
The ability of the EDAC to identify heavy drinkers when they are separated based on sex and age is shown in Table 5 . The table includes subjects both in the training and in the validation data sets so that the sample size is adequately large in the different subgroups. The analysis was done for both the high-sensitivity and high-specificity cut-off points and the results show that the best classification rates were obtained for men and women who are Ն40 years of age. The results also show that sensitivity and specificity rates are very similar for both sexes. For instance, for men over 40 years of age the EDAC shows 75.8% sensitivity and 93.3% specificity and for women over 40 the EDAC shows 74.4% sensitivity and 97.4% specificity rate.
Stepwise analysis
Stepwise analysis selected 20 of the 36 predictor variables (Table 6 ). The classification results for the stepwise analysis show 80.4% sensitivity and 84.1% specificity rates for this reduced 20-variables panel and an overall classification rate of 82.2%. These sensitivity and specificity rates are almost identical to the ones described above for the 36-components panel. Bilirubin ratio is the variable with the largest value for the minimization of Wilks' lambda. Thus, 20.4% (1Ϫ0.796) of the total variation in discriminant scores is accounted for by group differences in bilirubin ratio alone. These 20 predictor variables render a Wilks' lambda of 0.580, also very similar to the Wilks' lambda derived for the entire 36-variables panel (0.573). Thus, 42% (1 ± 0.58) of the total variation in discriminant scores is accounted for by group differences in these 20 (rather than 36) predictor variables. These results also indicate that the 16 variables not included in the stepwise analysis make no significant contributions to the classification rate and can be taken out for a simplified model in future analysis. Interestingly, Age was unavailable for two men and for one woman. when the analysis involves the direct entry of all 36 predictor variables as one block, often referred to as direct discriminant analysis, the top six variables are different than the variables selected when the analysis is performed in a stepwise fashion. Even though bilirubin ratio is the top variable in both analyses, GGT and direct bilirubin were not selected among the top six in the stepwise EDAC model.
DISCUSSION
Several approaches using a combination of routine laboratory tests have proven useful in the identification of heavy drinking and alcohol dependence. The most notable in terms of performance is the one developed by Hartz (Hartz et al., 1997) who derived and evaluated a logistic regression model using the results of 40 commonly performed laboratory tests. Compared to the EDAC, the Hartz study used a logistic regression equation rather than linear discriminant analysis and included only extreme heavy drinking men. However, the top 11 variables included in the final logistic equation of Hartz's were also identified as important variables in this EDAC study. Mean corpuscular haemoglobin and blood urea nitrogen were the only variables not selected by the stepwise analysis of the EDAC model. Interestingly, MCH was the least statistically significant variable that increased the risk of being a heavy drinker in the Hartz's model. The model reported by Hartz showed 98% sensitivity and 95% specificity, which is higher than the overall performance of the EDAC model at 81% sensitivity and 84% specificity. This difference in the capacity of the two models to identify heavy drinking may be attributed to the differences on the demographic characteristics of the subjects in the two populations analysed, the use of logistic regression rather than LDF and/or the different selection of independent variables in the two models. In fact, in a previous study where only extremely heavy-drinking men were considered, the performance of the EDAC increased to 91.7% sensitivity and 90.5% specificity rates (Harasymiw and Bean, 2001) . These values are now very similar to the values reported by the Hartz's model. The model developed by Welte and Chan (1997) is also similar to the EDAC in some respects. For instance, both models include subjects with a wide range of alcohol consumption histories and they also include men and women. In addition, three of the top four variables considered in the Welte and Chan model were also considered in the EDAC model. Thus the four main variables of Welte's model were GGT, MCV, monocyte counts and albumin, which rendered sensitivity and specificity rates in the 70-75% range when prior probabilities were set at 0.6 (for the heavier drinking group) and 0.4. Of these, MCV was the only variable not selected by the stepwise analysis of the EDAC model. MCV was also not included in the final logistic regression equation of Hartz's model because it was less strongly associated with drinking status for African Americans.
Regarding discrepancies between the models, the EDAC approach identified 20 laboratory variables contributing to the identification of heavy drinkers whereas the model of Welte and Chan reported that the use of more than three or four variables did not improve their classification rates. The Wilks' lambda scores achieved by the four variables selected by Welte and Chan were always above 70 whereas the Wilks' lambda scores achieved by the EDAC model were always lower than 60, suggesting a better overall performance for the EDAC. This difference in the performance of these two models can be explained by the use of different variables, the use of different prior probabilities and/or the log transformations carried out by Welte and Chan to increase the correlation between alcohol consumption and blood variables.
When the EDAC was started, subjects were recruited from extreme groups with respect to alcohol consumption to achieve a big separation of the laboratory profiles identifying each group. After the EDAC equation was developed the next step was to apply the equation to less extreme groups. Harasymiw and Bean (2000) showed that in college students with known drinking histories and no elevation of liver enzymes, the EDAC identified 80% of young, heavy-drinking men and 100% of young, heavy-drinking women. These results, together with the fact that 80% of the subjects in our database show no elevation in AST and none shows elevated albumin, indicates that the EDAC can be used effectively not only to identify hazardous drinkers but also to detect alcohol misuse before alcohol-related liver damage occurs.
A strength of the EDAC is that the analytes included in the EDAC panel are routine tests usually available in most clinics. Thus, the EDAC constitutes a value-added tool to the medical community. The results of the panel can be forwarded to Alcohol Detection Services via fax or electronically and a research assistant will then enter the data in a personal PC. Using the widely available SPSS software, the EDAC calculations are done in less than 5 min for a cost of US$3.00-5.00 depending on the choice of data transmission and test volume. Alternatively, if there is a need to order the panel, these routine tests are performed daily by almost any laboratory in the US using a variety of automated analysers. These analysers have been programmed to measure several routine tests in the same run with minimal manual input (labour costs) for an average price of US$30.00-35.00.
In summary, this study shows that LDF analysis in conjunction with new, more user-friendly computer packages such as SPSS, is a practical and cost-effective laboratory tool for detecting excessive drinking using blood constituents ordered routinely in a variety of clinical settings.
